A two-stage approach is described for the detection of occlusive arterial disease at the carotid bifurcation using continuous wave Doppler-shift ultrasound with spectral analysis of back scattered signals from erythrocytes. The first stage involves analysis ofDoppler-shift signals from the supraorbital and common carotid arteries. Abnormal signals from these arteries are frequently caused by the presence of atheroma at the carotid bifurcation and are used to indicate the necessity for imaging the bifurcation. This latter technique produces a physiological image of the arteries, as it depends on detecting erythrocyte velocities beneath a transducer which is guided over the surface of the neck. The investigation has advantages over arteriography in that it is noninvasive, has no attendant risk and may be repeated as often as required.
Detection of disease at the carotid bifurcation using ultrasound -including an imaging system 1 Introduction Arterial disease near the origin of the internal carotid (K') artery is an important site from which emboli originate, resulting in transient ischaemic attacks or strokes. In a survey of over 3500 patients with symptoms or signs of ischaemic cerebrovascular disease, arteriography demonstrated that 74.5% had lesions in the extracranial cerebral vessels and 44.7% of these also had lesions in the intracranial vessels, while only 6.1%of the total had intracranial lesions alone (Fields et 01. 1968 ). The site most frequently involved was the origin of the Ie artery, where stenosis was present in a third and total occlusion in 8.5% (Hass et 01. 1968) . Early detection of any lesion in this area is therefore important.
The standard method of investigating disease of the carotid vessels is contrast arteriography. Although a clear picture of the arterial lumen is obtained by this method, the morbidity and mortality associated with the technique preclude its use as a screening or follow-up procedure (Hass et 01. 1968 ). Over the past decade there has been considerable interest in attempting to develop suitable noninvasive techniques for detecting and assessing carotid artery disease, and some of these have involved the use of ultrasound (Gosling et 01. 1969 , Strandness 1969 , Wells 1970 . We have improved the accuracy of diagnosing carotid artery disease with continuous wave Doppler-shift ultrasound by using spectral analysis (Baskett et 01. 1977) . When an artery is insonated with a narrow beam of ultrasound from a small Doppler transducer, ultrasound is scattered from erythrocytes and shifted in frequency according to the Doppler effect. In our technique the backscattered signals, that is the radiation returning to the transducer, are subjected to immediate spectral analysis so that the complete range of Doppler-shifted frequencies is displayed simultaneously on an oscilloscope screen. This type I Accepted 25 October 1979 014H>768/80/030172-Q8/S01.00/0 «:> 1980 The Royal Societyor MedicineJ of display is called a sonagrani (Figure 1) and shows Doppler-shift frequency on the Y axis and time on the X axis. The sonagram outline represents the greatest Doppler-shift caused by erythrocytes moving with the highest velocity, and the blackness of the trace under this outline is related to the number of corpuscles moving at any particular velocity. Sonagrams therefore give information about the instantaneous erythrocyte velocities at all points across the insonated lumen. This distribution of velocities changes during the cardiac cycle (Figure 1) and may be further changed by the presence of atheroma in any part of the carotid pathway, including the intracranial portion. Sonagrams from the common carotid (CC) and supraorbital (SO) arteries exhibit two peaks (A and B) during systole. When changes occur in these peaks such that the second peak becomes higher than the first, there is an 88% chance of disease being present in the IC artery (Baskett et al. 1977) . With this relatively sensitive method it is possible to detect the presence of some of the smaller lesions, the actual size depending not only on the degree of stenosis, but also on other haemodynamic factors such as the length of the lesion and degree of distortion of the bifurcation. Previous methods using Doppler-shift ultrasound have only demonstrated the presence of severe lesions, that is a reduction in diameter of at least 50% of the vessel lumen (DeWeese et al. 1970) . 1978) and is used to examine patients in whom the initial screening test (AlB ratio) indicates disease. This system' then demonstrates whether disease is in the extracranial portion of the carotid arteries, where it is amenable to surgery.
Patients and methods
The method we use for detecting carotid artery disease is based on a two-stage approach, and all measurements are taken with the patient lying supine and unsedated on a couch. The first stage consists of recording Doppler-shift sonagrams from the ipsilateral SO and CC arteries (Baskett et al. 1977 ) using a 10 MHz blood velocimeter which can separate flow in opposite directions onto different channels, so that venous signals are separated from arterial signals (Coghlan & Taylor 1976). All signals are monitored with earphones and displayed as sonagrams. The examination takes 5-10 minutes for each side and when abnormal sonagrams are demonstrated the carotid bifurcation is then imaged.
The imaging system utilizes continuous-wave ultrasound and consists of a 5 MHz directional Doppler-shift velocimeter with a focused transducer attached to a position sensing mechanism, together with a spectral analyser, microprocessor and a two-oscilloscope display unit ( Figure  2 ). The particular advantage of this system is that sonagrams are displayed on one oscilloscope screen simultaneously with the build up of the vessel image on the other screen ( Figure 3 ). This is important because a sonagram represents blood velocity information from the whole lumen. Thus the image may be normal in one projection but the blood velocities abnormally high, indicating the presence of~stenosis in another plane. This region can then be visualized in a second projection, for example by placing the patient in the lateral position. Furthermore, sonagrams from the IC, CC and external carotid (EC) arteries each have a characteristic shape and so by inspecting successive sonagrams as they are formed the examiner knows which carotid artery is being imaged (Gosling & King 1974) . In this system the image is 'written' on the screen in response to the amplitude, rather than the frequency, of back scattered Doppler signals. The amplitude of backscattered signals from the carotid arteries is relatively constant throughout the cardiac cycle because the number oferythrocytes changes little in any given cross-section. This allows the image to be built up continuously throughout the cardiac cycle while the transducer is guided across the vessel lumen.
. To produce a lateral image of the carotid bifurcation the patient lies supine and the transducer is placed on the side of the neck so that a beam of ultrasound passes across the lumen of the underlying artery ( Figure 2 ). In order to obtain an optimal Doppler shift in frequency it is also set at an angle of approximately 60°towards the head. When the transducer is locked in position there is no rotational movement. A coupling gel is applied to the neck and the transducer is moved vertically across the vessel lumen, thereby crossing the artery in an anteroposterior (A-P) direction, until no further signal is heard in the earphones or seen on the oscilloscope of the spectral analyser. By repeating these vertical movements along the length of the CC and then the EC and IC arteries, a lateral projection of the carotid bifurcation is formed ( Figure 3 ). An A-P projection may be obtained by examining the patient in the lateral position with the vessel to be scanned uppermost. This system therefore provides the two views normally obtained by contrast arteriography, while oblique views may also be obtained by altering the position of the patient relative to the transducer. An image can be produced in 10-15 minutes.
The degree of occlusive narrowing shown on the X-ray and ultrasound images was determined by measuring the smallest diameter of the vessel lumen at the stenosis and 
Results
Lateral and A-P images from a young asymptomatic volunteer are shown in Figure 3 . The IC artery is usually postero-lateral to the EC artery in the neck so that in lateral projections it appears on the oscilloscope screen to be inferior to the EC artery, while in A-P views of the bifurcation the IC is superior to the EC artery. When an image of the carotid vessels is being formed disease is shown by: interruptions in the continuity of the image outline; distorted Doppler-shift signals seen on the spectral analyser display which are coincident with interruptions demonstrated on the image.
When the procedure for screening patients and the technique for producing an ultrasound image had been established, good comparisons with arteriograms were obtained in all but one of the first 20 measurements with the imaging system. The reductions in lumen diameter shown on the X-ray and ultrasound images are compared in Table I . The lesions consisted of 9 complete occlusions, 4 severe stenoses and 7 small lesions of the IC artery, one of which was not demonstrated by the ultrasound image. Thus there were no false positives, regarding severe stenosis and complete occlusion, and one false negative with regard to a small lesion.
The following examples illustrate some clinical uses of this investigation.
Casel
A 36-year-old female patient was referred to our vascular laboratory three years after developing a left hemiplegia. At the time of her stroke a right carotid arteriogram was performed which showed an inoperable occlusion of the IC artery. A similar result was obtained using the ultrasound imaging system. However, sonagrams from the left side suggested the presence of an asymptomatic lesion in the left IC artery. An ultrasound image was then obtained and demonstrated a severe stenosis at the origin of the IC artery (Figure 4 ). Case 3 Figure 6 shows ultrasound images of the left carotid bifurcation from a 45-year-old woman who had a left carotid endarterectomy two years previously after presenting with transient ischaemic attacks. Since the operation she had been asymptomatic, but the ultrasound image demonstrated a totally occluded Ie artery. This case illustrates that the use of ultrasound allOWS continued assessment of vascular disease.
DisCussion
Interest in noninvasive assessment of the cerebral arteries has considerably increased over the last decade. A large number of methods of assessment are available and, apart from the techniques utilizing ultrasound, include auscultation of the neck (Ziegler et 01. 1971 , Harrison & Marshall 1975 , thermography (Wood 1965) , opthalmodynamometry (Shapiro et 01. 1970) , thermometry (Shapiro et 01. 1970) , phonoangiography (Kartchner et 01. 1973) , and oculoplethysmography (Gross et 01. 1977) . It should be emphasized that in developing these different methods the results have been compared in each case with arteriography, which itself is not necessarily completely reliable. The resolution of X-rays is such that clear pictures are obtained in the views taken, but lesions present in different planes can be missed and ulceration may not be demonstrated (Gomensoro et 01. 1973) .
We submit that noninvasive techniques for assessing disease of the carotid arteries should attempt to show: which of the carotid arteries is being imaged; presence of small lesions; presence of ulceration in a lesion; location of a lesion; the artery in which distorted flow is present; differentiation between a completely occluded and a severely stenosed lumen; presence of bilateral severe disease; presence of,extensive disease in any arterial segment; differentiation between calcium in atheromatous plaques and calcium deposits in regions not associated with atheroma intruding into the lumen; position of the carotid bifurcation.
All techniques so far described have some disadvantages and are unable to provide all the above information. However, our two methods, which give both haemodynamic assessment of the carotid arteries and visualization of the carotid bifurcation, provide information on all the above points except on the presence of ulceration and on some small lesions. Spectral analysis and visualization therefore supply information which is useful for patient management. These methods can differentiate between a completely occluded and a severely stenosed IC artery and hence possibly avoid the necessity for an arteriogram in the complete occlusion. Disease may also be assessed where severe lesions affect the IC and EC arteries on both sides; this has not been reported in studies using other noninvasive methods (Wood 1965 , Shapiro et 01. 1970 , Ziegler et al. 1971 , Kartchner et al. 1973 , Gross et al. 1977 . The use of spectral analysis is particularly helpful for deciding which artery is being imaged in the presence of a distorted junction and also for demonstrating, by displaying turbulent flow, in which artery a bruit originates. The presence of extensive disease on one side is indicated by distorted sonagrams at different levels in the carotid arteries, as well as by multiple .interruptions in the image outline. As calcium inhibits the transmission of ultrasound a Doppler (Spencer et al. 1974) or pulse echo (Barber et al. 1974) image will show areas of apparent nonfilling where calcium is present in the arterial wall. However, sonagrams from the visualized arteries may be used to differentiate haemodynamically significant disease; sonagrams are abnormal when such disease is present (Barnes et al. 1976 ) so that a nonstenosing region of calcified wall can be distinguished from a significant stenosis. A noninvasive imaging system also provides information about the position of the carotid bifurcation in the neck, thus avoiding complications ensuing from direct puncture of a diseased IC artery during arteriography when a low junction is present.
The degree of stenosis measured on the ultrasound images compared well with most of those measured on the X-ray images (Table I) . However, such a comparison has limitations since the views are unlikely to be obtained from identical planes and the ultrasound image;'which takes longer to produce, is more influenced by movement of the vessel wall, as well as by calcium deposits within it (Barnes et al. 1976 ). Furthermore, the ultrasound \ technique produces a physiological image in contrast to the morphological image obtained by arteriography; a physiological image is dependent on the characteristics of bloodflow through a stenosed lumen which include, immediately distal to a stenosis, contraction of the main bloodstream and stagnant areas near the vessel wall. Both of these factors can reduced the size of the lumen in the image, so accentuating the apparent degree of stenosis.
The main disadvantage of the imaging system is that the resolution, which is limited by the wavelength of the ultrasound, may not be sufficient to demonstrate the presence of all minor disease. Future development of sonagram analysis may, however, overcome this problem. At present if abnormal sonagrams are obtained and the carotid images are normal, then either the lesion is small or it lies in the intracranial portion of the IC pathway. The high acoustic impedance of bone reduces penetration of ultrasound and therefore an image of the intracranial arteries cannot be produced. However, the favoured site for atheroma of the carotid vessels is in the extracranial portion at the carotid bifurcation (Fields et al. 1968 .
We conclude that the combination of spectral analysis and vessel visualization with continuous wave Doppler-shift ultrasound is particularly useful for screening patients likely to have arterial disease. Assessment of the carotid bifurcation may well prove to be a prudent precursor to surgery in elderly patients and is now being pursued in some centres performing surgery for either peripheral vascular disease or occlusive disease of the heart. It is useful for assessing patients with either asymptomatic bruits or with symptoms suggestive of cerebrovascular disease and also for continued assessment of the state of the carotid bifurcation, either when disease is present or following a carotid endarterectomy.
